Indoor Environmental Patterns in Nine California Energy Retrofitted Residences  by Andersen, Søren et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
doi: 10.1016/j.egypro.2015.11.789 
 Energy Procedia  78 ( 2015 )  627 – 632 
ScienceDirect
 
6th International Building Physics Conference, IBPC 2015 
 
Indoor Environmental Patterns In Nine California Energy 
Retrofitted Residences 
Søren Andersena*, Brennan Lessb, Iain Walkerb 
*
aTechnical Univercity of Denmark, Nils Kopels Alle 402, Kgs. Lyngby 2800, Denmark 
bLawrence Berkeley National Laboratory, 1 Cyclotron Road,Berkeley, 94720, United States of America 
 
 
 
 
Abstract 
 
As part of a study of energy retrofits in nine California buildings indoor measurements of temperature and 
relative humidity were made between 2010 and 2012. The aim of this paper was to compare the temperature and 
relative humidity measurements in relation to recommendations for a healthy, comfortable and low energy 
consuming indoor environment. Energy conserving behavior during the heating season was detected in all buildings. 
The paper further aimed to find patterns in the measurement to determine if an energy retrofit affects the occupants’ 
behavior and indoor environmental regulation strategies. No general pattern could be defined. 
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1. Introduction 
 
Studies have showed that changing peoples’ behavior and routines requires an intervention, as people not will 
change unless they are motivated to do so [1]. An intervention can be anything from an information pamphlet in the 
mail box, a comparison to the neighbors on the energy bill, replacement of an inefficient pump or a comprehensive 
energy retrofit. Studies have showed how small interventions can affect the energy consumption, but have not 
shown how they affect the indoor environment ([2], [3]). Andersen et al. showed a clear difference in average 
temperature and CO2 concentration profiles between two buildings with two different heat cost allocation payment 
methods [4]. 
This paper studied nine California buildings that all had gone through a comprehensive energy retrofit. The nine 
buildings were all different in floor planning, sustainability strategies, occupancy, orientation, insulation level,   age 
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of occupants, etc. For all the buildings the owners had a vision of a low energy consuming home. The buildings 
were not built to comply with any certification meaning no goals for the indoor environment were set. 
The aim of this paper was to survey the indoor environmental conditions (temperature and relative humidity) in 
comparison to the recommended design values of ASHREA Standard 55-2010 Thermal Environmental Conditions 
for Human Occupancy [5] and European Standard EN 15251(2007) [6] in order to investigate if the indoor 
environment was deprioritized in the attempt to reduce the total energy consumption as much as possible. The paper 
further aimed to investigate the effects of a comprehensive energy retrofit on the indoor environment. 
Mapping occupants’ behavior have been done with interviews and questionnaires ([7], [8]), by long term detailed 
measurements or a combination ([9], [10]). These experiments can be both costly and complex if the occupant 
disturbance is to be kept at a minimum, which is desired to secure that the experiment and occupants don’t start on 
the wrong foot and become a source of irritation for the occupant and thereby increase the risk that the occupants 
may disrupt the experiment [11]. The cost of conducting measurement driven behavior experiments often lead to low 
quantity of measured data and thereby reduce the opportunity to statistically demonstrate any behavior changes. In 
this paper, a procedure aimed to analyze continuous measurements for performance and patterns from a low quantity 
of measured data was presented. The analysis procedure provides the user with an easy, fast and intuitive method of 
visualizing patterns in measured indoor air conditions. 
 
2. Method 
 
The measurements were performed from 2010 through 2012 with varying length in each residence. The 
temperature and relative humidity were measured every 5th minutes in two positions, primarily the living room and a 
bedroom. The measuring positions were placed on both 1st and 2nd floor, when present. The nine surveyed buildings 
were all located in the San Francisco region in northern California, USA. Due to the differences in the landscape of 
the region, the buildings were found in different microclimate zones and the outdoor weather was therefore not 
comparable for the nine locations. Common for the buildings were the owners’ visions of building a low energy- 
consuming house. The nine buildings were not built to comply with any specific certification; however, most were 
designed with the Passive House or similar certifications in mind. For further details on the buildings and the 
measurements collection see [8]. 
 
2.1. Benchmarks for comparison 
 
The thermal environment of the nine buildings were conditioned by either a water based system or ventilation 
system, both controlled by the occupant. Determining the performance of the thermal environment was therefore 
done utilizing design values of ASHRAE Standard 55-2015 Figure 5.3: Acceptable operative temperatures ranges 
for naturally conditioned spaces. Andersen et al. [12] defined the outdoor weather as the primary driver for closing 
an open window, indicating that the benchmark should be defined by the adaptive method. However, outdoor 
weather profiles were not accessible for all locations and a static interval has therefore been used instead. To allow 
for a dynamic regulation of the thermal environment the temperature benchmark has been defined as 20-26°C. 
The relative humidity benchmark was defined as 25-60% based on recommendations of EN 15251 (2007)  Table 
B.6. Using recommendations of the European Standard was assessed as acceptable, as the relative humidity 
benchmarks were set to assess the comfort level (due to a low relative humidity) or the risk of mold development 
(due to a high relative humidity). 
 
2.2. Analysis method and pattern location 
 
To analyze the measurements for patterns, a procedure based on benchmarks was developed. The basic of the 
procedure was to define a time period and an acceptable range for each measured parameter, and then calculate how 
much time the parameter was within and outside of the acceptable range. If the measurements primarily were within 
the acceptable range the period received the Within (W) rating, if the measurements primarily were below the Below 
(B) ranking is assigned, and if the measurements primarily were above the ranking was Above (A). Acute periods of 
high/low temperatures or high relative humidity levels could be just as crucial for the energy consumption or  health 
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of the buildings. To take this into account, a 5% limit was introduced. The 5% limit means that if the measurements 
were below or above the recommended interval for more than 5% of the period the B or A ranking were assigned to 
the period – if the measurements were both below and above 5%, the highest would be chosen. 
To locate patterns in surveyed buildings the analysis procedure has been used for each measuring positions. For 
these buildings the procedure was used to find patterns for each day. Each day was divided into seven periods: night 
(00:00-06:00), early morning (06:00-09:00), late morning (09:00-12:00), early afternoon (12:00-15:00), late 
afternoon (15:00-18:00), early evening (18:00-21:00), and late evening (21:00-23). The separation was chosen as 
each period represents a significant event, e.g. the occupants will get out of bed in the early morning, while dinner 
most likely will be prepared in the early evening. 
The procedure was performed on a yearly basis and for the heating and cooling season. The output of the analysis 
was daily code (e.g. WWAWAWB) referred to as a Color String. 
 
3. Results and discussion 
 
The annual average indoor temperature was 20.9°C with standard deviation 2,3°C, while the annual average 
relative humidity value was 54.2% for all measurements with a standard deviation of 8.9 percentage points. The 
average values for both the temperature and the relative humidity were within the recommended range, but in the 
lower and upper end, respectively. The standard deviation of both parameters showed that for temperature, 
measurements were found both above and below the recommendations. For the relative humidity the standard 
deviation showed that measurements significantly exceeded the recommended range. 
The average temperature in the lower part of the range could be an indication of a low energy consuming 
behavior. This was supported by the lower average temperature for the heating season of 20.2°C (standard deviation 
of 2.2°C), showing that the heating set points indirectly were affected by the outdoor temperature. The average 
temperature for the cooling season was 19.7°C (standard deviation of 2.0°C). Only one of the surveyed buildings 
used active cooling indicating that the average temperature below the recommended range was a result of low 
outdoor temperatures and that the temperatures were floating with the outdoor temperature. The difference between 
the seasons could be seen as an expression of the occupants’ ability to adapt to lower outdoor temperature in the 
heating season, but choosing a higher level of comfort during the cooling season. 
 
3.1. Daily profiles 
 
Daily profiles based on the average values of each hour of the day were made for the year, heating season and 
cooling season (see Figure 1 and Figure 2). The figures included the standard deviation as indication of general 
tendencies in the profiles, assuming a low standard deviation indicates that the average value were representative for 
all the measuring positions, while a high standard deviation show a wide spread of the measurements and thereby no 
a general tendency. 
Figure 1 showed the three average temperature profiles included standard deviation profiles. All three profiles 
showed a pattern with a low point in the morning and a high peak in the late afternoon/early evening (15:00 – 
21:00). The temperature profiles decreased from approximately 21:00 to 6:00-8:00 in the morning, a tendency that 
could indicate a heating point night setback, a dynamic thermostat regulation, or that the temperature were floating 
with the outdoor temperature – all three indicating an energy conserving behaviour. The standard deviation of the 
temperature profiles were between 1.8°C and 2.4°C for all three profiles, revealing that the hourly average values 
were found in both the upper and lower part of the recommended interval. Figure 1 showed a difference between the 
heating and cooling season, with a daily average profile of the cooling season notably higher than the heating season 
profile. The measured variations between time of day and between seasons were seen as a proof of an energy 
conserving behaviour. 
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Figure 1 Daily average temperature profiles for a) year, b) heating season and c) cooling season, including standard deviation and the 
recommended boundaries. X-axis represents the hour of the day. 
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Figure 2 Daily average profiles for the year, heating season and cooling season, including standard deviation and the recommended boundaries of 
a) temperature b) relative humidity. 
 
Figure 2 showed the daily relative humidity average and standard deviation profiles for the year, heating season 
and cooling season. The profiles showed a peak between 12:00 and 15:00, with a decrease in the afternoon. The 
profiles further showed an increase between 18:00 and 21:00 similar to the peaks in the temperature profiles. The 
profiles fluctuated between 52% and 57% relative humidity and thereby just within the recommended range. The 
standard deviation profiles showed a bigger variation from approximately 7:00 to 23:00 than during the night. These 
variations were assessed as an indication of a non-uniform control of the relative humidity and therefor an indirect 
energy conserving behaviour as energy for excessive ventilation, air conditioning, dehumidification etc. was not 
necessary. 
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General patterns of the daily profiles were not defined for neither the temperature profiles nor relative humidity 
profiles as the standard deviations of both were assessed as too high for a definition. However, the assumed non- 
uniform temperature and relative humidity control indicated an energy conserving behaviour. 
 
3.2. Color String analysis 
 
The most and second most occurring color string for the temperature and relative humidity were determined for 
each measuring position in the nine houses (18 positions in total). The most and second most occurring color strings 
were presented in Table 1 for the year, heating season and cooling season for the temperature and the relative 
humidity. Table 1 showed that the temperatures in 67% of the measuring positions were below the recommend 
levels for the entire day. Whether the occupants perceived the temperature as uncomfortable or whether it was an 
intentional regulation strategy was unknown. However, Andersen [13] revealed through interviews; that if Danish 
occupants were motivated to conserve energy by a monetary reward, occupants will accept an uncomfortable indoor 
environment (uncomfortable defined by EN 15251:2007). As similar reward situations were present in the nine 
buildings, the results could indicate that the regulation strategies in the buildings were be intentional, in an  attempt 
to conserve energy for heating. For the year, heating season and cooling season the most occurring relative humidity 
color string showed that the measurements were within the recommendations. However, the analysis showed that on 
a yearly basis the second most occurring color string (33% of the measuring positions) the relative humidity 
exceeded the recommended range throughout the entire day. 
Gunay et al. [9] stated that occupants in sub-metered apartments controlled the indoor environment separately 
room by room. Detailed assessments of each measuring position in this study showed similar color strings for the 
positions within each house, contradicting the findings of [9]. The lack of differences between measuring positions 
were most like due to size of the used benchmark intervals, and ruling out dynamic regulations based on the color 
string analysis should not be done. 
 
Table 1 the most and 2nd most occurring color strings of the temperature and relative humidity based on the year, heating season and cooling 
season (B – below recommendation, W – within recommendation, E- Exceeding recommendation). 
 
 
 
 
 
 
 
Temperature 
Most 
Occurring 
Percentage of 
occurrences 
% 
2nd most 
Occurring 
Percentage of 
occurrences 
% 
Yearly 56 44 
Heating Season 67 50 
Cooling Season 50 28 
Relative Humidity 
3.3. Delimitation of the color string analysis procedure 
In the color string procedure, each day was separated into seven parts each designed to represent a daily routine. 
A more detailed separation by separating into hours of the day was considered. However, a preliminary test of the 
detailed separation gave the same most occurring color string as found in Table 1, but with a 2nd most occurring 
color string that only would represent a very low percentage 1% of the color strings. The results only show the most 
common occurring color string and not those that may arise from alternate behaviors. A less detailet separation level 
was considered by combining the early and late morning to morning. That separation model was rejected, as it 
possibly would combine routines such as breakfast and lunch, and thereby rules out the opportunity to investigate 
the effects that other behaviors such as cooking or going to bed had on the indoor environment. 
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Yearly 72 W W W W W W W 33 A A A A A A A 
Heating Season 72 W W W W W W W 33 A A A A A A A 
Cooling Season 56 W W W W W W W 22 A A A A A A A 
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In section 3.1 Daily profiles and in Figure 1 variation throughout the day was seen and it was concluded that a 
dynamic or no regulation, in case of a floating strategy, of the temperature and relative humidity was used in the 
buildings. Neither the results presented in Table 1 nor the detailed assessment was able to highlight the variations. 
To determine if the occupants’ regulation of the indoor environment were energy conserving within the 
recommended interval a more detailed separation would have been necessary, additionally a more detailed rating 
procedure would have been more informative. However, as with the definition of the time periods, the preliminary 
tests showed that a more detailed interval mesh only would show the most occurring color string. The color string 
analysis procedure proved useful for the preliminary assessment of the indoor environment and would therefore be 
recommended for use in the early stages measurement assessments. 
 
4. Conclusion 
 
The continuous measurements were on average within the recommended intervals and signs of energy conserving 
behavior were detected in the heating season. A low average indoor temperature were detected during cooling 
season, indicating none energy conserving behavior and indoor environmental regulation. 
The measurements were surveyed for indoor environmental patterns. A daily profile illustrated that the 
temperature followed the expected occupant activities. Due to a high standard deviation of the  measurements 
general patterns for neither the temperature nor relative humidity were not defined. 
An analysis method for surveying patterns in continuous measurements were presented and tested on the 
measurements. The method calculated the distribution compared to an interval and proved applicable for providing a 
general overview of continuous measurements, but couldn’t give a detailed picture within the intervals, which would 
have been useful determining if conserving behavior were conducted. 
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